Introduction
Introduction

The mammalian hair follicle is a complex mini organ that consists of different lineages of cells, including epithelial, mesenchymal and pigmented cells. The dermal papilla, considered as the most important mesenchymal component, plays versatile roles in hair follicle morphogenesis and hair cycling via epithelial-mesenchymal interactions [1-4]. Because cultured dermal papilla cells (DPCs) as well as organ dermal papilla were found to have hair-inductive capacity
.
There are six major morphogenetic molecular family systems in hair follicle development and cycling: fibroblast growth factor (FGF), transforming growth factor (TGF)-␤, sonic hedgehog, Wingless or Wnt pathway, neurotrophins and homeobox gene families [4, 9, 10] . In each morphogenetic stage, all function as responsible molecules for the reciprocal signalling between hair follicle epithelial and dermal components. In the context of hair follicle 'neogenesis', however, it is unclear which signalling molecule(s) among these pathways function in hair induction in transplanted DPCs. Thus far, specific signalling molecules, such as bone morphogenetic protein (BMP)-6 [11] , have been shown to enhance mouse hair folliculogenesis. Wnt3a signalling from epithelial component is also required to maintain the inductive capacity of DPCs and to generate hair follicles [12] . These 
Microarray generation and analysis
Alkaline phosphatase (ALP) activity assay
MTT proliferation assay
Animal assays for hair folliculogenesis
We generated rat-human chimeric hair follicles in nude mice using a previously described sandwich method [16, 19, 20] [21] (Fig. S2) . A chamber grafting method was also employed according to previously reported methods [11, 20, 22, 23] with some modifications (Fig. S1) 
Statistical analysis
Data were presented as mean Ϯ S.E. To test the significance of quantitative data, the unpaired Student's t-test was applied.
Results
TGF-␤ 2 gene is specifically detected in hDPCs by microarray analysis
TGF-␤ 2 gene is preferentially expressed in cultured hDPCs
Because cultured DPCs have been shown to contain hair-inducing capacity but lose it upon culture [6, 22] , the gene expression (Fig. 3A) . In addition to these cytokines, soluble factors considered to have biological activity on the hair follicles [17, 18, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] (Fig. 3C) . Furthermore, ALP activity, a well-established marker for DPCs and hair-inducing property in hDPCs [11, 47] , was significantly higher in the presence of 1,25(OH)2D3 as well as KCM (Fig. 3D) . In contrast, MTT assay revealed that hDPC proliferation was impaired by 1,25(OH)2D3, while enhanced by KCM (Fig. 3E ). (Fig. 4C) .
Table 1 Selected genes up-or down-regulated in human dermal papilla cells (hDPCs). Signal intensities of gene expression in hDPCs were compared with those of human dermal fibroblasts of the same individual, and the fold changes were expressed as log ratio values in the right two columns (P2 and P8). Among the up-regulated 34 genes in
Active form of vitamin D promotes TGF-␤ 2 gene expression of hDPCs
Inhibition of TGF-␤ 2 signalling at either the receptor or ligand level suppresses hair folliculogenesis in vivo
The functional capacity of TGF-␤2 in contributing to hair induction was assessed in an animal model for hair folliculogenesis. Rathuman chimeric hair follicles were generated in nude mice using the sandwich method described above. In control mice, the chimeric hair follicles were generated in 3-4 weeks after grafting of cultured hDPCs and showed histological features at a variety of developmental stages (Fig. S2) , mimicking those of foetal hair follicle morphogenesis as described previously [20, 48] . Immunohistochemistry confirmed that TGF-␤2, but not TGF-␤1, was expressed in the dermal sheath of newly developed hair follicles (Fig. 5A) . (Fig. 5B) . On the other hand, in the SB431542-administered mice, signs of impaired maturation, such as pseudo-keratosis of the inner root sheath, were seen (Fig. 5B) . The total number of generated hair follicles was significantly decreased in the SB431542-administered mice (Fig. 5C ). Furthermore, a morphometric categorization of maturation stages of generated hair follicles demonstrated the suppressive effects of SB431542 on folliculogenesis (Fig. 5D) (Fig. 6A-C) .
To evaluate the dependency of TGF-␤ signalling in hair folliculogenesis in the above animal models, signal transduction was inhibited by a continuous infiltration of SB431542, a highly selective kinase inhibitor for TGF-␤ type I receptor [49] via osmotic pump. Histological evaluation revealed that SB431542 suppressed both the frequency and maturation of hair follicle development. In control mice, well-maturated hair follicles were observed that could be categorized into high maturation stages, with structures such as the hair shaft and the sebaceous gland
; follicles of control mice were observed to be in well-maturated stages (stage 5 to 7), while follicles of SB431542-administered mice were classified as poorly maturated stages (stages 2 to 4). Two neutralizing antibodies were employed for the TGF-␤ ligandneutralizing approach and administered via local injections: a neutralizing antibody specific for TGF-␤2 with no effect on TGF-␤1 or TGF-␤3 and a pan TGF-␤ neutralizing antibody that inhibits TGF-␤1, TGF-␤2 and TGF-␤3 activity. Although histological analysis did not reveal any significant differences in maturation stages of generated hair follicles among the groups, the number of inducted hair follicles was significantly decreased in the antibody-administered mice compared with the nonspecific IgG-administered mice
In
addition, a hair reconstitution assay with or without signal inhibition by anti-TGF-␤2 antibody was also performed with the chamber method. The number of generated hair follicles was significantly smaller in mice treated with anti-TGF-␤2 antibody
Fig. 4 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) up-regulates TGF-␤2 expression in human dermal papilla cells (hDPCs). (A) Quantitative real-time PCR detection of TGF-␤2 mRNA expression in hDPCs (passage 2) cultured for 24 or 48 hrs in the presence of various concentrations (0, 0.1, 1, 10, 100, 1000 nM) of 1,25(OH)2D3. The data are shown as fold changes to the baseline expression (at 0 nM). n ϭ 5. *Significant difference from baseline expression (P Ͻ 0.05). (B) Quantitative real-time PCR detection of TGF-␤2 mRNA expression in hDPCs (passage 2) at various times of incubation (0.5, 2, 4, 8, 24, 48) in the presence of 100 nM of 1,25(OH)2D3. The data are shown as the fold changes to the baseline expression (at 0 hr). n ϭ 3. *Significant difference between each pair (P Ͻ 0.05). **Significant difference from baseline (P Ͻ 0.05). (C) Quantitative detection by ELISA of TGF-␤2 protein secretion from cultured hDPCs (passage 2, normalized to 10 6 cells equivalent, 3 days incubation) in the presence of various concentrations of 1,25(OH)2D3 (0, 1, 10, 100 nM). *Significant difference from 0 nM (P Ͻ 0.05).
compared to control mice ( Fig. 7A and B) . In chamber models using mouse DPCs (foetal dermal cells), SB431542 and anti-TGF-␤2 antibody substantially decreased the average number of generated hair follicles, though the differences did not reach statistical significance (Fig. S4) . (Fig. S5) . Fig. 1 Table S3 and Fig. S2 for details Table S3 and Fig. S2 for details [50] were evaluated by immunohistology (Fig. 8) [17, 18] . Our results also revealed that KCM contained known mitotic growth factors for DPCs, such as PDGF-BB [40] or VEGF [39, 43] , suggesting that the proliferative effect of KCM is attributed to such growth factors.
To further assess effects of augmentation of TGF-␤2 signal on hair follicle induction, TGF-␤2-releasing gelatin hydrogel microsphere beads (GMBs) were incorporated into the sandwich models; no positive effect of TGF-␤2 signal augmentation was observed with this approach
Fig. 5 Histological analysis of generated chimeric hair follicles in sandwich models with or without TGF-␤ signal inhibition. Cell sheets of human dermal papilla cells (hDPCs) were inserted between the dermis and epidermis of rat foot pad skin. The sandwiched construct was transplanted into the subcutis of nude mice (see
), and harvested 4 weeks after transplantation. (A) The bulb region of a generated hair follicle. Left: Haematoxylin and eosin staining, middle and right: immunohistochemical stainings for TGF-␤1 and TGF-␤2. Nuclear staining was performed with Hoechst33342. Bars ϭ 20 m. (B) Histology of generated hair follicles with or without SB431542-mediated inhibition of TGF-␤ signal. Generated hair follicles and boundaries are indicated with black arrowheads and dashed lines. The maturation stage is indicated beside each follicle, e.g. 'S2', 'S4' or 'S7', and was evaluated according to the classification proposed by Paus et al. [21] after modification. (See
05). (D) Maturation stage data of generated hair follicles with or without SB431542-mediated inhibition of TGF-␤ signal. Note the decreased distribution of well-maturated hair follicles (S5 to S7) in the SB431542-administered mice.
Fig. 6 Neutralizing antibodies against TGF-␤s impair hair folliculogenesis in sandwich models. (A) Histology of generated hair follicles with or without inhibition of TGF-␤ signal by neutralizing antibody against TGF-␤2 or TGF-␤1/2/3. Generated hair follicles and their boundaries are indicated with black arrowheads and dashed lines. The maturation stage is indicated beside each follicle, e.g. 'S2', 'S4' or 'S7', and was evaluated according to the classification proposed by Paus et al. [21] after modification. (See
05). (C) Maturation stage data of hair follicles generated in mice with administration of anti-TGF-␤2 or anti-TGF-␤1/2/3 neutralizing antibody or nonspecific control IgG.
Immunohistological analysis of TGF-␤ signal transduction in animal models
To analyse TGF-␤2 signal transduction in hair folliculogenesis in the sandwich models, phosphorylation of SMAD-2 and expression of two SMAD-2 target genes (SMAD-7 and PAI-1)
Screening analysis of components in KCM detected an unexpected function of vitamin D3: promoting effects on TGF-␤2 expression and ALP activity of hDPCs. Cultured hDPCs express vitamin D receptor (VDR) (data not shown), and thus 1,25(OH)2D3-induced TGF-␤2 mRNA up-regulation may be mediated via VDR. However, TGF-␤2 mRNA expression increases over time up to 48 hrs and remains high for 5 to 7 days (data not shown), which may suggest the involvement of other signal pathways. A similar observation was made in hDFs: 1,25(OH)2D3
specifically induces TGF-␤2 mRNA expression in hDFs in the earlyphase of signal transduction, followed by induction of all TGF-␤ isoforms (TGF-␤1, ␤2 and ␤3 mRNA) in an autocrine manner [51] . Thus, TGF-␤2 mRNA induction by 1,25(OH)2D3 shows a monophasic increase with time [51] . Other studies showed that TGF-␤ signal positively regulates the vitamin D signalling pathway by formation of the Smad3-VDR complex [52] , and vitamin D3 induces strong activation of Smad2/Smad3 within 24 hrs in HL-60 cells [53] . 
These data indicate a direct interplay between TGF-␤ and vitamin D signalling pathways mediated by VDR and Smad proteins. Taken together, there appears to be a prolonged activation of
(A) Histology (haematoxylin and eosin staining) and macroscopic views (inset). Recipient nude mice were treated with a neutralizing antibody against TGF-␤2 (top) or a negative control IgG (bottom). Bars ϭ 200 m (haematoxylin and eosin staining) or 2 m (inset). (B) Average number of generated hair follicles per section (n ϭ 4). Hair follicle morphogenesis was significantly smaller in number in mice treated with anti-TGF-␤2
antibody than those treated with control IgG. *Significant difference from control mice (P Ͻ 0.05). Ablation of VDR in mice [54, 55] and mutations of VDR in human beings result in the development of alopecia [56, 57] . VDR is expressed in the two major cell components that make up hair follicles: the mesenchymal component, dermal papilla, and the epithelial component, outer root sheath keratinocytes [58] . Recently, VDR expression in follicular keratinocytes was shown to be essential in maintaining hair follicle homeostasis [59, 60] [64, 65] and inhibits hair growth [66] . TGF-␤1 and TGF-␤2 stimulate proliferation of outer root sheath keratinocytes [67, 68] . TGF-␤2 induces premature hair follicle regression in adult hair cycling [35, 69] , while TGF-␤2 was also shown to be required for hair folliculogensis [31, 70] .
In the context of adult hair cycle, TGF-␤2 is synthesized in the dermal papilla by the stimulation of dihydrotestosterone at the initiation of catagen, triggering the intrinsic caspase network and subsequent apoptotic cell death of hair follicle epithelial cells [35, 69] . In contrast, during hair development, TGF-␤2 receptors are focally expressed initially in the placode and subsequently in the outer root sheath [71] , and TGF-␤2 exerts its morphogenetic function [31] 
